Introduction
============

Raising external glucose in human and rodent pancreatic β-cells leads to the generation of intracellular intermediates (including ATP), which block ATP-sensitive K^+^ (K~ATP~) channels. Closure of this key channel results in membrane depolarization, the onset of electrical activity and voltage-dependent Ca^2+^ entry. The resultant activation of Ca^2+^ channels and rise in cytosolic Ca^2+^ triggers a cascade of biochemical events involved in the control of insulin secretion (IS) and key cellular pathways.[@R1]^-^[@R3] A schematic diagram of the consensus model for biochemical steps, Ca^2+^ handling, channels and mechanisms of IS regulation in β-cell is presented in [Figure 1](#F1){ref-type="fig"}.

![**Figure 1.** Schematic diagram of the ionic current, Ca^2+^ fluxes and exocytosis in human β-cell. Transmembrane currents are: *I*~CaP~ is the voltage-gated P-type Ca^2+^ current, that is also responsible for insulin release (see text), *I*~CaL~ is the voltage-gated L-type Ca^2+^ current, *I*~CaT~ is the voltage-gated T-type Ca^2+^ current; *I*~PCa~, plasma membrane Ca^2+^ pump current; *I*~Na~, voltage-gated Na^+^ current; *I*~Nab~, Na^+^ background current *I*~KDr~, delayed rectifier K^+^ current; *I*~KCaB~, Ca^2+^ and high voltage-activated K^+^ (BK channel) current; *I*~KCa~, Ca^2+^ activated K^+^ (SK channel) current; *I*~Kher~ is the human-ERG K^+^ channel current and *I*~KATP~, ATP-sensitive K^+^ channels current. Calcium enters the β-cells primarily through voltage-activated Ca^2+^ channels by diffusion along an inwardly directed electrochemical gradient. At the plasma membrane two processes are involved in transporting Ca^2+^ out of the cell; a Ca^2+^ pump and removal of Ca^2+^ sequestrated in insulin granules by exocytosis (coefficient k~sq~).](isl-5-1-g1){#F1}

Over the physiological range of glucose concentrations β-cell electrical activity consists of spikes in plasma membrane potential (V~p~). The electrical activity involves complex interactions between many different ion channels.[@R1]^,^[@R3]^,^[@R4] This coordinated electrical activity is also necessary for the response of β-cells to secretagogues other than glucose that can act via modulation of activity of different ion channels.[@R1]^,^[@R3]^,^[@R5] Changes in the action potential (AP) profile and the gating properties of the voltage-gated Ca^2+^ channels (VGCCs) can alter AP-driven Ca^2+^ influx. Interestingly, the sulfonylurea drugs developed for treatment of Type 2 diabetes modify the activity of K~ATP~ channels acting through PM depolarization.[@R1]^,^[@R3]^,^[@R6] Defects in β-cell function have been shown to underlie both Type 2 and monogenic diabetes[@R1]^,^[@R6]^,^[@R7] and this has increased the importance of understanding how β-cell electrical activity induced by glucose and other agonists is established and how it is altered in various pathological states.

The majority of investigations in pancreatic β-cell electrophysiology have been performed using rodent β-cells due to the difficulties in the isolation and culture of intact normal human islets.[@R1]^,^[@R3]^,^[@R8] The mouse is also currently the most highly employed model for transgenic and molecular genetic studies of altered gene expression. However, while rodent and human islets show broad similarities, the expression and properties of certain ion channels found in human β-cells in particular are different from those expressed in mouse. In particular, human β-cells have active voltage-gated Na^+^ and T-type calcium currents that may be absent in mouse and have greater effects on electrophysiological properties in comparison with mouse β-cells.[@R9]^-^[@R12] In general, these differences can underlie the species specific patterns of β-cell APs, voltage-gated Ca^2+^ influx and IS. Therefore, a direct comparison of β-cell electrical activity and the channel types between species is difficult. Given the importance of IS in diabetes and obesity, human β-cells require a special and detailed consideration.

Here, we examined the ionic mechanisms mediating depolarization-induced spike activity in pancreatic human β-cells, employing whole-cell patch-clamp methods on islet-attached cells. We also reviewed the literature on a regulation of IS by specific ion channel activities. To achieve a better understanding of human β-cell physiology and the possible roles of key ion channels we undertook an integrated consideration of data obtained on isolated human β-cells and islets. We used a computational systems biology approach with construction of a mathematical model of intracellular processes (see Appendix 1 and 2 in the Supplementary Material).

We have previously focused on experimental and theoretical studies of electrical activity, Ca^2+^ dynamics and IS in mouse pancreatic β-cells.[@R13]^-^[@R17] Here we have studied and evaluated the role of different ion channels in human β-cells using the approaches we developed previously for β-cells.

The mathematical model for human β-cells was tested in various scenarios and the results of simulations were compared with the experimental data. The model gives a reasonable fit to important aspects of experimentally measured AP firing, Ca^2+^ dynamics and IS properties of human β-cells and provides a framework for analyzing the role of individual ionic currents and to determine their influence on insulin release. This allows also a comparison of the mechanisms of regulation of IS in rodent and human β-cells.

Materials and Methods
=====================

To illustrate the role of specific channels in glucose-stimulated APs, human islet-attached β-cell membrane potentials were recorded using the perforated-patch current-clamp configuration. Experimental methods were performed as previously described.[@R14]

Human islets were obtained from cadaveric donors, gifts from the University of Chicago Islet transplant program. All studies were approved by the University of Chicago Institutional Review Board.

Role of Ca^2+^ Channels and Cytoplasmic Ca^2+^ in Insulin Exocytosis
====================================================================

Insulin release is influenced by physiological β-cell electrical activity (for a review see refs.[@R1]^,^[@R12]). Capacitance measurements in rodent and human β-cells have shown that the insulin granule exocytosis is negligible at membrane potentials more negative than −20 mV but increases steeply at more depolarized voltages.[@R2]^,^[@R10] This behavior may reflect a necessity for local calcium entry through high voltage-gated non-L-type Ca^2+^ channels because the process of release of primed granules may need a local increased calcium in specific microdomains (for a review see refs.[@R2] and [@R10]). Voltage-gated P/Q-type Ca^2+^ channels may serve in human β-cells as the main component of non-L-type Ca^2+^ channels that trigger depolarization-evoked exocytosis of the insulin--containing granules.[@R2]^,^[@R10]

Ca^2+^ enters into cells through voltage-gated Ca^2+^ channels and is removed by Ca^2+^ pumps and exchangers. Ca^2+^ handling can also include ER and mitochondrial sequestration. It is perhaps surprising that detailed data on \[Ca^2+^\]~c~ in human islet β-cells is lacking. Our unpublished data suggest that human islet preparations are highly variable. Similarly, there is no data available for \[Ca^2+^\]~c~ behavior in human β-cells during one spike. Therefore, our evaluations of \[Ca^2+^\]~c~ are based on mouse experiments and our model for mouse β-cells[@R13] (see [**Supplemental Material**](#SUP){ref-type="supplementary-material"} and section "**Regulation of Ca^2+^ entry and bursting"** for details). A correlation also exists between \[Ca^2+^\]~c~ and insulin release at least in rodent islets from threshold to moderate levels of \[Ca^2+^\]~c~.[@R18]^,^[@R19] These mechanisms were taken into account during simulations of insulin release in our mathematical model (see [**Supplemental Material, Appendix 1**](#SUP){ref-type="supplementary-material"}).

Mechanisms of Spike Generation in Human β-Cells
===============================================

At resting state (low glucose levels) the rate of metabolism in β--cells is relatively low. K~ATP~ channels are mostly in the open state and maintain a hyperpolarized membrane potential. VDCCs are closed below their activation threshold. Under these conditions the influx of Ca^2+^ is small, \[Ca^2+^\]~c~ is low and insulin secretion (IS) is at a low basal (constitutive) level. For convenience we define a "low glucose concentration" is approximately 2 mM (where IS is minimal), "intermediate glucose concentration" is 5--7 mM (where IS is intermediate) and "high glucose concentration" is above 10 mM (where IS is maximal) to compare our simulations with experimental data.

Available experiments
---------------------

Spikes are induced in isolated human islets following increased extracellular glucose.[@R9]^,^[@R10]^,^[@R12]^,^[@R20]^,^[@R21] A typical glucose-induced spike pattern for β-cells in isolated human islets is shown in [Figure 2A](#F2){ref-type="fig"}. Spikes can also show complex behaviors as illustrated in [Figure 2B](#F2){ref-type="fig"}.

![**Figure 2.** Electrical activity in human islets during treatment of 14 mM glucose. Examples of representative action potentials (AP). (**A**) Simple spikes. (**B**) Complex spikes. Experiments were performed as described in "Materials and Methods."](isl-5-1-g2){#F2}

Simulations and analysis
------------------------

In our model K~ATP~ channels are substantially open at simulated low glucose concentrations (low ATP/ADP level) and mediate the hyperpolarized resting PM potential (left part of [Figure 3](#F3){ref-type="fig"}). A background current that is carried mainly by Na^+^ (*I*~Nab~) is balanced at resting potential by K~ATP~ channels. With the parameter set given in [**Tables S1 and S2**](#SUP){ref-type="supplementary-material"} and with high free \[ADP\]~c~ (100 μM), that corresponds to the low glucose level, the model has a steady-state solution with a resting membrane potential of approximately -69 mV, the \[Ca^2+^\]~c~ of just 123 nM (left part of [Fig. 3](#F3){ref-type="fig"}) and relative IS of 0.1 relative unit, that is consistent with the data obtained for human and rodent β-cells at low glucose levels.[@R2]^,^[@R13]^,^[@R18]^,^[@R22] It should be noted that \[Ca^2+^\]~c~ at low glucose level depends significantly on activity of T-type Ca^2+^ channels in our model (see section "**T-type Ca^2+^channels"**fordetails).

![**Figure 3.** Modeling of spontaneous glucose-stimulated spikes, the changes of intracellular Ca^2+^ concentration and insulin secretion. (**A**) Action potentials (V~p~); (**B**) Free cytoplasmic Ca^2+^ concentration (\[Ca^2+^\]~c~); (**C**) relative insulin secretion (IS). Glucose-induced spikes were simulated at a step decrease of the free ADP concentration at the arrow from a high to an intermediate value (from \[ADP~f~\]~c~ = 100 µM to 15 µM; all other parameter were taken from the basal set of parameters ([**Tables S1 and S2**](#SUP){ref-type="supplementary-material"}). Corresponding changes in \[Ca^2+^\]~c~ and IS were simulated using Eqs. Two and 7 in Appendix 1 in Supplemental Materials.](isl-5-1-g3){#F3}

We simulated the effects of a glucose increase by decreasing free ADP concentration leading to increased \[ATP\]/\[ADP\], closing K~ATP~ channels (arrow in [Fig. 3A](#F3){ref-type="fig"}). According to our simulation closing K~ATP~ channels leaves the background Na^+^ current (*I*~Nab~) unbalanced, leading to PM depolarization, spike generation and increased \[Ca^2+^\]~c~ and IS. Narrow spikes with one maximum were simulated in this case. We were also able to simulate complex spikes when K~ATP~, K~v~, K~Ca~ or P-type Ca^2+^ channels were blocked in comparison with basal level (see discussion below).

The following scheme was suggested for the upstroke of human β-cell APs.[@R1]^,^[@R9]^,^[@R10]^,^[@R12] (1) Activation of T-type Ca^2+^ current at low-voltage is likely to depolarize the membrane rapidly to voltage threshold for recruiting *I*~Na~, *I*~CaL~ and *I*~CaP~. (2) Recruitment of *I*~Na~, at V~P~ approaching --40 mV is likely to hasten the upstroke of the AP and underlies its overshoot, as well as to insure activation of voltage-dependent *K*^+^ currents (*I*~KDr~ and *I*~KCab~) that produce rapid repolarization.

Possible mechanisms underlying the AP changes and the roles for specific currents can be better understood by considering the simulated voltage-dependent currents during one cycle of spontaneous activity in the ionic model ([Fig. 4](#F4){ref-type="fig"}). Both Na^+^ and Ca^2+^ voltage dependent channels participate in the upstroke of the AP. The upstroke phase is clearly initially generated by voltage-dependent Na^+^ (*I*~Na~) and T-type Ca^2+^ (*I*~CaT~) channels. When Na^+^ and Ca^2+^ enters the cell, the membrane is further depolarized and high-voltage-activated Ca^2+^ channels open. Then high-voltage-activated Ca^2+^ channels activate transiently. The AP repolarization phase includes activation of fast BK channels. After that the rapid delayed rectifier K^+^ channels also activate (*I*~KDr~ current) leading to increased repolarizing current. The repolarization phase also includes the time-dependent inactivation of Na^+^ and Ca^2+^ channels ([Fig. 4B](#F4){ref-type="fig"}). Other currents included in the model were relatively small during a spike and had an insignificant influence on AP shape ([Fig. 4C](#F4){ref-type="fig"}). However, these currents can play a considerable role in total interspike current and influence spike frequency and height (see discussion below).

![**Figure 4.** Detailed simulated curves of parameters during a single simple spike from [Figure 3](#F3){ref-type="fig"}. (**A**) Action potential (V~p~); (**B**) Principal currents for AP (*I*~CaL~, *I*~CaP~, *I*~KCaB~, *I*~KDr~, and *I*~Na~) are represented for one characteristic spike. (**C**) Small currents (*I*~CaT~, *I*~PCa~, *I*~Nab~, *I*~KCa~, *I*~Kher~ and *I*~KATP~) are also represented for this interval.](isl-5-1-g4){#F4}

K^+^ Currents
=============

K^+^ channels are among the most important determinants of cellular excitability. Whole-cell patch clamp studies in human β-cells have identified several K^+^ current components.

K~ATP~ channels
---------------

The K~ATP~ channel is a key component of stimulus-secretion coupling in the pancreatic β-cells. Its hetero-octameric complex comprises four K~ir~6.2 subunits and four sulphonylurea receptor subunits. K~ir~6.2 is an inwardly rectifying K^+^ channel. K~ATP~ channels are subject to modulation by ATP/ADP ratio in both rodent and human β-cells. These channels and corresponding *I*~KATP~ in human is generally similar to those observed in rodent β-cells (for a review see refs.[@R12], [@R23] and [@R24]). In our simulation closing K~ATP~ channels through increasing the ATP/ADP ratio leads to membrane depolarization and an increase in \[Ca^2+^\]~c~ and IS at increased glucose levels ([Fig. 3](#F3){ref-type="fig"}). This corresponds to the well-established idea that a block of K~ATP~ channels leads to increased IS in human β cells.[@R12]^,^[@R23]^,^[@R24]

### Available experiments

Additional activation or inhibition of K~ATP~ channels can be obtained using K~ATP~ channel activators or blockers leading to PM potential changes. Freshly isolated human islets responded to tolbutamide (K~ATP~ channel blocker) with a sustained rise in \[Ca^2+^\]~c~ after a glucose-induced initial \[Ca^2+^\]~c~ increase.[@R25] An increased IS rate was also found in response to tolbutamide after further increase in glucose,[@R10] suggesting that we can use this as evidence of a tolbutamide-induced increase in \[Ca^2+^\]~c~ and IS.

### Simulations and analysis

Activation or inhibition of K~ATP~ channels can be simulated by changing the maximal conductance of K~ATP~ channels. Results of these simulations are shown for V~p~, \[Ca^2+^\]~c~ and IS changes ([Fig. 5](#F5){ref-type="fig"}). Activation of K~ATP~ channels leads to decreased IS mainly as a consequence of decreased AP frequency (left part of [Fig. 5](#F5){ref-type="fig"}). A broad complex spike train was evoked when we decreased K~ATP~ conductivity from basal level (right part of [Fig. 5](#F5){ref-type="fig"}), determined using the default parameters from [**Tables S1 and S2**](#SUP){ref-type="supplementary-material"}. The changes in spike shape can be explained by the additional PM depolarization and activation of BK and K~Ca~ channels as a result of increased \[Ca^2+^\]~c~. The decrease in K~ATP~ channel conductance led to increased \[Ca^2+^\]~c~ and IS, because the integrated Ca^2+^ influx was increased in this case. In general, increased IS and \[Ca^2+^\]~c~ with decreased K~ATP~ channel conductance is consistent with the experimental findings. Increased IS may also have to do with other actions of sulfonylureas including binding to specific exchange protein activated by cAMP (EPAC).[@R26]

![**Figure 5.** Simulated AP firing, \[Ca^2+^\]~c~ and IS transients in response to activation or block of K~ATP~ channel conductance. (**A**) AP firing (V~p~); (**B**) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------) during persistent spike activity (after transient changes). For simulation of K~ATP~ channel activation the maximal conductance (g~mKATP~, [**Eq. A41, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) was initially increased to 65 nS. Than g~mKATP~ was decreased from 65 nS to 45 nS (basal level from [**Table S2**](#SUP){ref-type="supplementary-material"}) at arrow 1. For simulation of K~ATP~ channel block the g~mKATP~ was decreased from 45 nS to 4 nS at arrow 2. Glucose induced APs were simulated as in [Figure 3](#F3){ref-type="fig"} up to the point of persistent spike activity. Several intervals in five second are represented for each case.](isl-5-1-g5){#F5}

Transient component (BK channels)
---------------------------------

One of the high voltage-gated K^+^ current in human β-cells is a transient component that activates rapidly upon membrane depolarization and depends on Ca^2+^-influx.[@R10] This K^+^ current activates near -40 mV, inactivates rapidly through a voltage-dependent mechanism and peak amplitude exhibited a bell-shaped voltage-dependence with a maximum of about 40 mV.[@R10] This current was blocked by iberiotoxin, a specific BK channel blocker and was suggested that it carried by large-conductance Ca^2+^ activated K^+^ channels (BK-channels) encoded by *KCNMA1*.[@R10] Human β-cells express a relatively high level of the BK-type channels.[@R10]^,^[@R14]^,^[@R27] Interestingly, recent studies indicate that BK-channels are also expressed in mouse pancreatic β-cells where the BK channel current can contribute to the outward current under specific experimental conditions.[@R14]^,^[@R28]

BK channels are activated by membrane depolarization and elevation of intracellular Ca^2+^ concentration.[@R29]^,^[@R30] However, isolated BK channels are gated to open only at micromolar Ca^2+^ concentration.[@R29] This contrasts with recorded levels of cytoplasmic β-cell \[Ca^2+^\]~c~, which are approximately 100 nM at low glucose levels and typically only double or triple following glucose stimulation, excluding microdomain effects. For this reason, BK channels should be closed at low \[Ca^2+^\]~c~ according to data obtained for isolated channels. How can we, therefore, resolve the contradiction between experimental data for human β-cells and mouse islets which showed large BK currents[@R10]^,^[@R14]^,^[@R28] with data obtained from isolated BK channels?

BK channel physiology has not been well characterized in intact pancreatic β-cells. However, for example in neurons, BK channels are colocalized or physically associated with voltage-dependent Ca^2+^ channels.[@R29]^,^[@R31]^,^[@R32] Ca^2+^ concentrations near the Ca^2+^ source, termed the microdomain, can be much higher than in other parts of the cytoplasm[@R30]^,^[@R33] to ensure the opening of colocalized BK channels. In this case BK channels open at less-positive membrane potentials.[@R29]^-^[@R31] It was suggested that BK channels should open during the depolarizing phase of APs together with the opening of Ca^2+^ channels in β-cells, i.e., during a large Ca^2+^ influx a cell quickly increases Ca^2+^ concentration in microdomains.[@R10]^,^[@R12] We therefore included in our model an increased sensitivity of BK channel currents to changes of \[Ca^2+^\]~c~ than for isolated BK channels to simulate the effect of microdomain Ca^2+^ ([**Equations A28--A33, Appendix 2, Supplemental Material**](#SUP){ref-type="supplementary-material"}).

### Available experiments

Blockade of BK channels using iberiotoxin, a specific BK channel blocker, increased significantly spike height in β-cells and enhanced IS by 70% in human islets (in the presence of tolbutamide).[@R10]

### Simulations and analysis

It has been proposed that in human β-cells the large conductance (BK-type) Ca^2+^-activated K^+^-channels play a role in the AP repolarizing phase.[@R10] Our theoretical consideration also confirms that the BK current could play a significant role in regulating β-cell electrical excitability by repolarization after fast Na^+^ channel and VGCCs activation ([Fig. 4](#F4){ref-type="fig"}). We also simulated decreased BK channel activity by reducing their maximal conductance. In this case block of BK channels significantly increased the spike height and IS ([Fig. 6](#F6){ref-type="fig"}). This occurs because *I*~KCaB~ takes part in fast repolarization of the AP and the efficiency of this process decreased with decreased BK channel activity. This allows V~p~ to progress to higher potentials. Ca^2+^ influx through P/Q type VGCC and corresponding IS were also significantly increased in this case. \[Ca^2+^\]~c~ was increased insignificantly. Thus, our simulation is consistent with the experimental findings.

![**Figure 6.** Simulation of K^+^ BK channel blocker application. (A) AP firing (V~p~); (B) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). The maximal conductance (g~mkcab,~[**Eq. A28, Appendix 2**](#SUP){ref-type="supplementary-material"}[**in Supplemental Material**](#SUP){ref-type="supplementary-material"}) was decreased from 25 nS (basal level from [**Table S2**](#SUP){ref-type="supplementary-material"}) to 0 nS at arrow. Glucose induced AP firing was simulated as in [Figure 3](#F3){ref-type="fig"}.](isl-5-1-g6){#F6}

Delayed rectifier K^+^ channels
-------------------------------

Another high voltage-gated K^+^ (K~v~) current in human β-cell is a relatively rapid delayed rectifier K^+^ current (*I*~DKr~).[@R10]^,^[@R34] Expression of K~V~2.1 and K~V~2.2 proteins that are responsible for *I*~DKr~ has been reported in human islets.[@R10]^,^[@R35]^,^[@R36] This current is generally similar to those observed in rodent β-cells and insulinoma cells.[@R1]^,^[@R3]^,^[@R37]^-^[@R39]

### Available experiments

K~V~2.1 and K~V~2.2 channels mediate the majority of the voltage-dependent outward K^+^ current in mouse and plays a key role in AP repolarization.[@R3]^,^[@R13]^,^[@R14]^,^[@R40]^,^[@R41] However, these channels do not appear to play a prominent role in human β--cell spike generation in response to glucose since the K~V~2.1/2.2 blocker stromatoxin had only weak effects on electrical activity and IS in human β-cells.[@R10]

### Simulations and analysis

Simulation of stromatoxin action at low glucose levels did not increase resting \[Ca^2+^\]~c~ or IS significantly in our model (not shown). This can be explained by the very low conductivity of *I*~KDr~ below -40 mV. For this reason, block of *I*~KDr~ at simulated rest conditions for the β-cell where V~p~ is close to -70 mV cannot change the total current to depolarize the PM.

We also simulated experiments with decreased K~Dr~ channel conductance that corresponds to the effects of specific blockers of these channels (for example, stromatoxin) at high glucose levels ([Fig. 7](#F7){ref-type="fig"}). We obtained an insignificant increase in spike height or IS to compare with simulated block of BK channels \[see section "**Transient component (BK channels**)"\] the even though in our model high voltage-activated delayed rectifier K^+^ channels make a significant contribution to the AP (see section "**Mechanisms of spike generation in human β-cells"**). The reason is that the main repolarizing current is *I*~KCaB~ ([Fig. 4](#F4){ref-type="fig"}) and the *I*~KCaB~ increases sharply with increased PM potential in the V~p~ range close to 0 mV ([**Fig. S4**](#SUP){ref-type="supplementary-material"}). This compensates for a decreased K~Dr~ channels conductance even with an insignificant increase in V~p~. Thus, our simulation is consistent with these experimental findings.

![**Figure 7.** Modeling of glucose induced action potential firing, \[Ca^2+^\]~c~ and IS during a simulation of rapid delayed rectified voltage-gated K^+^ channels blocking. (A) AP firing (V~p~); (B) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). For simulation of K~Dr~ channel blocking the maximal conductance (g~mKr~, [**Eq. A24, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) was decreased from 18 nS (basal level) to 0 nS at arrow. Glucose induced AP firing was simulated up to persistent spike activity as in [Figure 3](#F3){ref-type="fig"}. Five second intervals are represented.](isl-5-1-g7){#F7}

Thus the experimental data and our analysis show that although K~V~2.1 and K~V~2.2 channels may have modulatory effects on simple single spikes, these channels are not as crucial to spike generation in human β--cells as they are in mouse cells. Our analysis shows that contrary to mouse β-cell models[@R13] *I*~KDr~ was not able to provide the principal pacemaker agent for APs and contributes to a lesser extent compared with mouse to the AP repolarization phase. This reduced role is due to their slow activation, not fast enough to repolarize β-cells after the initial fast depolarization generated by Na^+^ channels and VGCCs. The activation of fast-activated BK channels is the most important repolarizing factor under these conditions (see [Fig. 4](#F4){ref-type="fig"}).

HERG K^+^ current
-----------------

Human-ERG (HERG) like-membrane currents have been recorded from human islet β-cells. Human islets also contain detectable levels of KCNH2 (*HERG1*).[@R21]^,^[@R42]

### Available experiments

Firing frequency and IS were increased in the presence of selective blockers of HERG channels in human islet β-cells.[@R21] However, no \[Ca^2+^\]~c~ was measured in these experiments. Interestingly, inhibition of this type of K^+^ channel enhanced insulin secretion and temporarily increased \[Ca^2+^\]~c~ in isolated mouse and Min6 cells.[@R42]

### Simulations and analysis

We have found that HERG K^+^ channels are unlikely to take part in mechanisms that create the AP spikes (see section "**Mechanisms of spike generation in human β-cells"**). However, according to our simulations the changes in HERG channel conductance may change PM polarization such that AP behavior can be modified. Blocking HERG channel conductance can cause an increased spike frequency and IS ([Fig. 8](#F8){ref-type="fig"}). This simulation shows that block of HERG K^+^ channels may indeed increase IS in human β-cells. However, this increase can depend on the level of HERG channel conductance and further studies are necessary to investigate the influence of β-cell HERG K^+^ channels on IS.

![**Figure 8.** Simulation of changes of human ERG channel conductance. (A) AP firing (V~p~); (B) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). For simulation of HERG channel activation the maximal conductance (g~mKhe~, [**Eq. A34, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) was initially increased up to 1,000 nS. Then g~mKhe~ was decreased from 1000 nS to 200 nS (basal level from [**Table S2**](#SUP){ref-type="supplementary-material"}) at arrow 1. For simulation of block of HERG channel the g~mKhe~ was decreased from 200 pS to 20 nS at arrow 2. Glucose induced persistent AP firing was simulated as in [Figure 3](#F3){ref-type="fig"}.](isl-5-1-g8){#F8}

SK-type channel current
-----------------------

Small-conductance Ca^2+^ activated K^+^ channels (SK channels) and the corresponding current (*I*~KCa~) have been well defined in mouse islets.[@R41]^,^[@R43] This current with voltage-independent gating variables was also found in human β-cells (SK-like current).[@R10]^,^[@R14] Human islets express SK2 *(KCNN2),* SK3 *(KCNN3)* and SK4 *(KCNN4)*.[@R12]

### Available experiments

The role of SK channels in human islet β-cell electrical activity was studied during glucose stimulation with and without the SK3 channel blocker apamin. Two characteristic behaviors were found: (1) Block of SK channels following the addition of apamin led to a significantly increased spike frequency when glucose stimulated APs existed before adding apamin ([Fig. 7C](#F7){ref-type="fig"} from ref. [@R14]) and (2) AP firing was created when spike activity was suppressed before apamin addition ([Fig. 7D](#F7){ref-type="fig"} from ref. [@R14]). However, no IS or \[Ca^2+^\]~c~ were measured in these experiments.

### Simulations and analysis

We simulated block of SK channel activity by decreasing its maximal conductance. First, we modeled the effect of SK channel inhibition on spontaneous glucose-induced spike activity ([Fig. 9A and B](#F9){ref-type="fig"}). In this case spike frequency was increased (if every peak is considered as a spike) in a manner consistent with the observations discussed above and simulated \[Ca^2+^\]~c~ and IS were increased. Second, decreased SK channel conductance was simulated with increased \[ADP\]~c~ to reproduce the decreased glucose concentration when spikes were abolished in our simulations ([Fig. 9C and D](#F9){ref-type="fig"}). In this case an inhibition of SK channel conductance could generate spikes (consistent with experimental data) and significantly increases \[Ca^2+^\]~c~ and IS.

![**Figure 9.** Simulated response to block of K~Ca~ channels. (A and C) AP firing (V~p~). (B and D). \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). Effect of K~Ca~ blockers was simulated by reducing of the maximum conductance for K~Ca~ channels (g~mKCa~, [**Eq. A39, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) that was decreased from 150 pS (basal set from [**Table S2**](#SUP){ref-type="supplementary-material"}) to 20 pS at arrows. Other coefficients were as in [Figure 3](#F3){ref-type="fig"}. (1). A and B represent the simulation at high glucose level as in [Figure 3](#F3){ref-type="fig"}. C and D are the simulation at decreased glucose level (\[ADP\]~f~ = 30 µM).](isl-5-1-g9){#F9}

We have found that the SK-like current is unlikely to take part in creating the AP pacemaker mechanism (see section "**Mechanisms of spike generation in human β-cells"**). However, the changes in K~Ca~ channel conductance may change PM polarization such that AP behavior can be modified. Our calculations suggested the possibility that a block of SK-type channels can increase IS when AP firing occurs ([Fig. 9A and B](#F9){ref-type="fig"}) and/or can lead to decreased threshold for glucose induced spike activity and corresponding increased \[Ca^2+^\]~c~ and IS ([Fig. 9C and D](#F9){ref-type="fig"}) when initial spike activity was suppressed with increased glucose. Note, in this simulation ([Fig. 9C and D](#F9){ref-type="fig"}) the glucose level (simulated as \[ADP\]~f~ changes) was higher than that used for low glucose but it was not enough to simulate spike activity. However, more research is needed to clearly understand the role of SK channels in insulin secretion.

Inwardly-rectifying K^+^ channels
---------------------------------

Large inward K^+^ currents, that are unaffected by tolbutamide, were recorded from human β-cells.[@R12] Expression of members of the inwardly rectifying K^+^ (K~ir~) channel family -K~ir~2.2 (*KCNJ12*), K~ir~2.3 (*KCNJ4*) and K~ir~4.2 (*KNCJ15*) was confirmed in human pancreatic islets.[@R12]^,^[@R44]

### Available experiments

Inhibition of the K~ir~ channels by Ba^2+^ may evoke membrane depolarization and stimulates AP firing in human β-cells and conversely, an increase in the inwardly rectifying current should reduce β-cell electrical activity.[@R12]

### Simulations and analysis

Characteristics of K~ir~ channels and their influence on electrophysiological properties have not been investigated in detail for human β-cells. For this reason, we were not able to directly include them in our modeling approach. However, changes in K~ir~ may lead to the results that can be similar to the changes in K~ATP~ channel activity (because K~ATP~ channel is also an inwardly rectifying K^+^ channel, see section "**K~ATP~ channels".**) although the magnitudes of the changes will be quite different, reflecting the larger current density of K~ATP~ channels. For example, our simulation of activated K~ATP~ channels has shown a decrease in spike frequency and IS. On the other hand, a blocking of conductivity of K~ATP~ channels led to PM depolarization and increase in IS ([Fig. 5](#F5){ref-type="fig"}). Thus, these changes are consistent with behavior that was suggested at blocked and activated K~ir~ channels in work.[@R12]

Interestingly, a polymorphism in *KCNJ15* (the gene encoding K~ir~4.2) increases *KCNJ15* mRNA levels and significantly increases risk for diabetes in an Asian population.[@R44] These data lead to the conclusion that this gene variant may lower insulin secretion and increase diabetes risk via increased K^+^ conductance and reduced AP firing but direct evidence of this intriguing suggestion is lacking.

Na^+^ Currents
==============

Voltage-gated Na^+^ currents (*I*~Na~)
--------------------------------------

Two voltage-gated Na^+^ currents have been identified in rodent, dog and human β-cells.[@R10]^,^[@R11]^,^[@R45]^,^[@R46] One of the Na^+^ currents is present in the mouse β-cell only when the β-cell is held at potentials below −100 mV before activation with a depolarizing step.[@R47]^,^[@R48] As β-cells are at rest near −70 mV this current is most likely predominantly inactivated. However, human pancreatic β-cells are equipped with a large TTX-sensitive Na^+^ current that activates by depolarization to -30 mV and reaches maximal amplitude at 0 mV.[@R9]^-^[@R11] Additional α subunits of the human β-cell Na^+^ current are likely encoded by *SCN3A* (Na~v~1.3)[@R46] and *SCN8A* (Na~v~1.6) or *SCN9A* (Na~v~1.7).[@R12] *SCN1B* (which encodes the β1 subunit) is expressed at higher level than is *SCN3B* (which encodes the β3 subunit).[@R12] When β-cell APs fire at a threshold of about −40 mV, this Na^+^ current can play an important role in the upstroke (see [Fig. 4](#F4){ref-type="fig"}).

### Available experiments

Application of tetrodotoxin has a negligible effect on the electrical activity of mouse β-cells.[@R48]^,^[@R49] By contrast, TTX has a large effect on the generation of APs in human β-cells decreasing the maxima of the spikes ([Fig. 10](#F10){ref-type="fig"}, see also refs. [@R9] and [@R10]). Insulin secretion elicited by glucose or tolbutamide was significantly reduced by TTX in human islets.[@R9]^,^[@R10] However, \[Ca^2+^\]~c~ dynamics was not measured. These differences have functional implications suggesting that the Na^+^ channels contribute little (if at all) to mouse β-cell electrical activity but can more strongly affect Na^+^, and thereby, Ca^2+^ entry in human β-cells.

![**Figure 10.** Effect of Na^+^ channel blocker tetrodotoxin (TTX) on spikes behavior in isolated human islets at 14 mM glucose. Representative examples of spikes. Experiments were performed as described in Sec. Two "Materials and methods."](isl-5-1-g10){#F10}

### Simulations and analysis

We utilized the mathematical model to estimate the impact of Na^+^ channels on AP, \[Ca^2+^\]~c~ and IS. Blockade of Na^+^ channels induced additional PM repolarization, reduced the AP peak voltage and IS ([Fig. 11](#F11){ref-type="fig"}). Decreased spike amplitude and IS were roughly consistent with experimental data. Analysis of one cycle of AP spontaneous activity with blockaded Na^+^ channels (in [Fig. 11](#F11){ref-type="fig"}, right part) shows that T- and L-type voltage dependent Ca^2+^ channels participate in the upstroke of the AP. The AP repolarization phase could include activation of HERG, K~Ca~ and BK K^+^ channels leading to increased repolarizing current (not shown).

![**Figure 11.** Simulated glucose induced spikes behavior, \[Ca^2+^\]~c~ and IS changes at Na^+^ channel activation or blocking. (A) AP firing (V~p~); (B) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). For simulation of Na^+^ channel activation the maximal conductance (g~mNa~, [**Eq. A1, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) was initially increased to 20 nS, then g~mNa~ was decreased from 20 nS to 10 nS (basal level from [**Table S2**](#SUP){ref-type="supplementary-material"}) at arrow 1. For simulation of block of Na^+^ channels the g~mNa~ was decreased from 10 nS to 0.5 nS at arrow 2. Glucose induced APs were simulated as in [Figure 3](#F3){ref-type="fig"} up to persistent AP firing. Five second intervals are represented for every case.](isl-5-1-g11){#F11}

In neurons, TTX-sensitive Na^+^ channels are critical for the development of the depolarizing phase of APs.[@R50] However, experiments to date have generally reported that TTX application does not completely block AP firing in human β-cells ([Fig. 10](#F10){ref-type="fig"} and refs. [@R9] and [@R10]). According to our simulation these results can be explained by participation of both Na^+^ and voltage-dependent Ca^2+^ channels in the AP upstroke ([Fig. 4](#F4){ref-type="fig"}). These experiments and theoretical results argue against the idea that Na^+^ channels comprise the main generator potential for normal APs in human β-cells and show that VGCCs can be responsible for the AP upstroke during low or in the absence of Na^+^ channel activity. Activation of voltage-dependent Na^+^-channels is clearly not mandatory for all AP initiation. Mouse β-cells lack functional Na^+^ channels (likely due to steady-state inactivation) but are the classic preparation for studying islet APs. Typical spike patterns were obtained using mathematical models of APs without including Na^+^ channels.[@R13]^,^[@R51] However, regulation of Na^+^ channel conductance can change the spike height and frequency and corresponding Ca^2+^ entry and IS in human β-cells ([Figs. 10](#F10){ref-type="fig"} and [11](#F11){ref-type="fig"}).

A shift of voltage-gated Na^+^ conductance and appearance of Na^+^ current can lead to increased Ca^2+^ influx in rodent pancreatic β-cells. For example, TsTx-V (scorpion venom α-toxins) and veratridine causes voltage dependent Na^+^ channels to stay open during a sustained membrane depolarization by decreasing inactivation.[@R52] Using these agents it was possible to potentiate glucose-induced insulin release from isolated rat islets by enhancing β-cell membrane depolarization and increasing the relative duration of electrical activity during the active phase.[@R53] Activation of Na^+^ channels by veratridine resulted in elevated \[Ca^2+^\]~c~ level in isolated β-cells, cell clusters and islets from mouse.[@R16]^,^[@R54] In general, increased flux through voltage--dependent Na^+^ channels during spikes may increase insulin secretion as reproduced in our simulations in [Figure 11](#F11){ref-type="fig"} if initial voltage-gated Na^+^ conductance was low.

Possible role of late (persistent) Na^+^ current
------------------------------------------------

Ranolazine is novel antianginal drug, which may reduce the incidence of ischemia-related arrhythmias.[@R55] Ranolazine is believed to have its effects via inhibition of the trans-cellular late (persistent) sodium current in cardiomyocytes.[@R56] This drug is of particular interest because it has also been shown to improve glycemic control in patients with Type 2 diabetes, lowering average glycosylated hemoglobin by almost 1%.[@R55]

### Available experiments

A recent study using isolated rat and human pancreatic islets suggest that ranolazine may increase insulin secretion in a glucose-dependent manner, although the mechanism remains uncertain.[@R57] However, no electrophysiological activity or \[Ca^2+^\]~c~ were measured in these experiments.

### Simulations and analysis

We evaluated the possibility that a block of a late (persistent) Na^+^ current can lead to increased IS in human β-cells. A persistent sodium current could originate from a population of voltage-gated Na^+^ channels because some Na^+^ channel gating kinetics have incomplete inactivation of macroscopic currents for repolarization to subthreshold voltages.[@R32]^,^[@R58] We modeled this by introducing a small voltage-independent coefficient in the equation for Na^+^ channels ([**kNar, Eq A1, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) that leads to a persistent Na^+^ current even at low PM potentials. (Note this coefficient was zero in other simulations.)

We decreased the coefficient *k*~Nar~ ([**Eq. A1, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) from an elevated level to simulate experiments with blocked persistent Na^+^ current. In this example a block of the persistent Na^+^ current increased the AP peaks and IS significantly despite decreased \[Ca^2+^\]~c~ ([Fig. 12](#F12){ref-type="fig"}). This result can be explained by increased P/Q type Ca^2+^ channel conductance, which is responsible for granule exocytosis (see section "**P/Q-type Ca^2+^ channels"** below) during high amplitude AP firing in comparison with L-type Ca^2+^ channels. This simulation shows that a block of a persistent inward Na^+^ current can increase IS. This mechanism can partially explain the mechanism of ranolazine action on pancreatic human β-cells.

![**Figure 12.** Simulated glucose induced AP firing, \[Ca^2+^\]~c~ and relative IS at persistent (late) Na^+^ current changes. (A) AP firing (V~p~); (B) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). Initially the coefficient (k~Nar~, [**Eq. A1, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) responsible for persistent Na^+^ current was 0.002 (basal level for this coefficient is zero in [**Table S2)**](#SUP){ref-type="supplementary-material"}. For simulation of block of the persistent (late) Na^+^ currant this coefficient was decreased to 0.0006 at arrow. Glucose induced AP firing was simulated as in [Figure 3](#F3){ref-type="fig"}. Five second intervals are represented.](isl-5-1-g12){#F12}

However, a persistent Na^+^ current has not been well characterized in pancreatic β-cells. A small prolonged inward current was detected in human β-cells,[@R9] however, the nature of this current and its relationship to the transient Na^+^ current underlying spikes and the influence of ranolazine on it remain to be clarified. According to our calculations this persistent Na^+^ current (with k~Nar~ as in [Fig. 12](#F12){ref-type="fig"}) can be small (less than 1% of maximal amplitude of simulated *I*~Na~ current in [**Fig. S1A and C**](#SUP){ref-type="supplementary-material"}) to show a significant increase in IS following simulated block (see [Fig. 12](#F12){ref-type="fig"}). This can make its experimental investigation difficult. For example, no persistent Na^+^ current was found in a related study.[@R10] However, the experiments in this work may not have been performed with the required accuracy to find a small persistent Na^+^ current as they were not specifically sought. More studies (including electrophysiological investigations) are needed to clearly understand the role of the persistent (late) Na^+^ current in human β-cells and to determine whether ranolazine could have other mechanisms of action resulting in an improvement in glycemic control.

Based on the results of the experiments with rodent and human β-cells and our simulations we suggest that voltage-gated Na^+^ currents may be more generally important for IS in human than previously thought, as this re-analysis in mouse β-cell membrane polarization shows. Drugs that target voltage-gated Na^+^ channels or genetic variants in the channels genes may alter IS in humans.

Na^+^ background current
------------------------

Closure of K~ATP~-channels alone is not sufficient to cause membrane depolarization. Therefore, β-cells must be equipped with some sort of depolarizing inward current (see section "**Mechanisms of spike generation in human β-cells").** However, the nature of the depolarizing current remains elusive.[@R4]^,^[@R8] For example, this current in β-cells might result from an activation of cationic (principally Na^+^) *Trp-*channels[@R12]^,^[@R59]^,^[@R60] or nonselective Na^+^ leak channels (NALCN) that can be activated in mouse β-cells by the binding of acetylcholine to the M3 receptor.[@R61] The gene encoding NALCN channels may also be expressed in human islets.[@R12] However, these currents have not been studied in human β-cells. In this article we used a model of some generalized inward Na^+^ background current (*I*~Nab~) (without specifying exactly which one) to simulate this depolarizing current in human β-cells ([**Eq. A45, Appendix 2, Supplemental Material**](#SUP){ref-type="supplementary-material"}).

### Available experiments

In mouse β-cell line, acetylcholine causes plasma membrane depolarization by opening NALCN channels, a mechanism for resting Na^+^ permeability.[@R62] However, no studies in human β-cells have directly examined this Na^+^ background current.

### Simulations and analysis

We have found that Na^+^ background current is unlikely to take part in creating the AP pacemaker mechanism current (see section "**Mechanisms of spike generation in human β-cells").**However, any change in inward voltage-independent Na^+^ background current may change the PM potential. According to proposal of Gilon and Rorsman[@R61] acetylcholine activated NALCN can increase the firing of AP and corresponding IS when glucose is elevated. We attempted to simulate this proposal ([Fig. 13](#F13){ref-type="fig"}).

![**Figure 13.** Simulated glucose induced AP firing, \[Ca^2+^\]~c~ and relative IS at Na^+^ background current changes. (A) AP firing (V~p~); (B) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). For simulation of Na^+^ background current activation the maximal conductance (g~bNa~, [**Eq. A45, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) was initially increased up to 20 pS. Than g~bNa~ was decreased from 20 pS to 10 pS (basal level from [**Table S2**](#SUP){ref-type="supplementary-material"}) at arrow 1. For simulation of block of Na^+^ background current the g~bNa~ was decreased from 10 pS to 1 pS at arrow 2. Glucose induced persistent AP firing was simulated as in [Figure 3](#F3){ref-type="fig"}. Five second intervals are represented for every case.](isl-5-1-g13){#F13}

Simulated activation of the Na^+^ background current could increase spike frequency, \[Ca^2+^\]~c~ and IS in our model ([Fig. 13](#F13){ref-type="fig"}). Note, activation of a NALCN-type Na^+^ background current activity by increasing its maximal conductance may act similarly to K~Ca~ current block (see section "**SK-type channel current"**), because a similar PM depolarization takes place both by blocking voltage independent K~Ca~ channels and by activation of the Na^+^ background current. However, additional experiments are required to define the properties and regulation of this current and its influence on β-cells.

The Voltage-Gated Ca^2+^ Currents
=================================

The whole-cell Ca^2+^ current in mammalian β-cells flows principally through the voltage-gated Ca^2+^ channels.[@R1]^,^[@R3]^,^[@R37] Whole-cell patch clamp studies in human islets initially identified two current components having different activation voltage thresholds: high- and low voltage-activated Ca^2+^ currents.[@R9]^,^[@R10]^,^[@R63] Human β-cells are equipped mainly with L-(Ca~V~1.3), P/Q- (Ca~V~2.1) and T- (Ca~V~3.2) other than R-type Ca^2+^ channels.[@R10]^,^[@R12]^,^[@R64]

L-type Ca^2+^ channels
----------------------

The high-voltage-activated "L-type" Ca^2+^ current (*I*~CaL~) activates at potentials less than --40 mV and inactivates relatively slowly. In human β-cells this current was reported to be similar to those observed in rodent β-cells and insulinoma cells.[@R10]^,^[@R37] Human islets express both α~1C~/Ca~v~1.2 (*CACNA1C*) and α~1D~/Ca~v~1.3 (*CACNA1D*) L-type Ca^2+^ channels.[@R12]

### Available experiments

L-type Ca^2+^ channels blocker (isradipine) suppressed electrical activity induced by glucose or tolbutamide and decreased IS rate in human islets.[@R10]

### Simulations and analysis

According to our analysis L-ype Ca^2+^ currents are largely responsible for the AP upstroke ([Fig. 4](#F4){ref-type="fig"}). For this reason decreasing L--type Ca^2+^ channel conductance suppressed AP firing in our model. This suppression also results in a decreased Ca^2+^ influx, \[Ca^2+^\]~c~ and IS ([Fig. 14](#F14){ref-type="fig"}). Thus, our simulation is consistent with the experimental findings.

![**Figure 14.** Simulated glucose induced AP spikes, \[Ca^2+^\]~c~ and IS changes after simulation of L-type Ca^2+^ channel blockers application. (A) AP firing (V~p~); (B) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). The maximal conductance (g~mCaL~, [**Eq. A6, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) was decreased from 2.7 nS (basal level from [**Table S2**](#SUP){ref-type="supplementary-material"}) to 0.2 nS at arrow. Glucose induced persistent AP firing was simulated as in [Figure 3](#F3){ref-type="fig"}. Five second intervals are represented.](isl-5-1-g14){#F14}

P/Q-type Ca^2+^ channels
------------------------

A high-voltage-activated P/Q-type Ca^2+^ current (*I*~CaP~) was also found in human β-cells that possess the fast activating and, apparently, only one slowly inactivating voltage-gated variable.[@R2]^,^[@R10] Importantly, P/Q-type Ca^2+^ channels (encoded mainly by *CACNA1A*) may be opened at PM potentials that are above that for opening of L-type Ca^2+^ channels (see[@R2]^,^[@R10]) and we have modeled this peculiarity ([**see Fig. S3, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}). P/Q-type Ca^2+^ channels may serve in human β-cells as the main component of non-L-type Ca^2+^ channels that trigger depolarization-evoked exocytosis of the insulin-containing granules[@R2]^,^[@R10] (see also Sec. 3).

### Available experiments

P/Q-type Ca^2+^ channel blocker (ω-agatoxin) significantly suppressed depolarization-evoked exocytosis in isolated human β-cells and inhibited insulin release in isolated human islets.[@R2]^,^[@R10] However, no experimental measurements of the effects of P/Q-type Ca^2+^ channel blockers on \[Ca^2+^\]~c~ have been reported.

### Simulations and analysis

We simulated the action of a P/Q-type Ca^2+^ channel blocker by changing the maximal conductivity of these channels ([Fig. 15](#F15){ref-type="fig"}). The results of these simulations showed that P/Q-type Ca^2+^ channel blockade does not fully eliminate spike activity, but can lead to complex spikes and increased \[Ca^2+^\]~c~. However P/Q-type Ca^2+^ channel blockade can significantly suppress IS. This may occur because in our model the high voltage-gated non-L-type Ca^2+^ channels have a more limited role on the AP upstroke and \[Ca^2+^\]~c~ than L-type channels but they are primarily responsible for insulin release at high PM potential in response to AP firing. On the basis of specific experimental data (see references [@R2] and [@R10]) and our computational analysis we suggest that block of P/Q-type Ca^2+^ channels in human β-cells may lead to suppressed insulin secretion even though the resulting change in electrophysiological behavior and cytoplasmic Ca^2+^ levels can be different for L- and P/Q-type Ca^2+^ channels.

![**Figure 15.** Simulated glucose induced AP spikes, \[Ca^2+^\]~c~ and IS changes after of P-type Ca^2+^ channel blockers application. (A) AP firing (V~p~); (B) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). The maximal conductance (g~mCaP~, Eq. A14, Appendix 2) was decreased from 1.2 nS (basal level from [**Table S2**](#SUP){ref-type="supplementary-material"}) to 0.2 nS at arrow. Glucose induced AP firing was simulated as in [Figure 3](#F3){ref-type="fig"}. Five second intervals are represented.](isl-5-1-g15){#F15}

T-type Ca^2+^ channels
----------------------

Low-voltage-activated "T-type" Ca^2+^ current (*I*~CaT~) and corresponding channels have been reported in human,[@R10]^,^[@R11] rat, nonobese diabetic (or NOD) mouse β-cells, as well as in INS-1 and RINm5F cells.[@R37]^,^[@R65]^,^[@R66] These channels activate near --70 mV and inactivate rapidly through a voltage-dependent mechanism.[@R67] T-type Ca^2+^ channels in human β cells are likely encoded by *CACNA1H* (Ca~v~3.2), which is expressed at much higher levels than are other T-type Ca^2+^ channel genes.[@R10]

### Available experiments

T-type Ca^2+^ channel blocker (NNC) significantly suppressed electrical activity induced by glucose and tolbutamide in isolated human β-cells and inhibited insulin release in isolated human islets at 6 mM glucose.[@R10] However, no experimental measurements of the effects of T-type Ca^2+^ channel blockers on \[Ca^2+^\]~c~ have been reported. In rat insulinoma INS-1 cells activation of T-type Ca^2+^ channels increased IS and \[Ca^2+^\]~c~.[@R68]

### Simulations and analysis

We simulated experiments with changed T-type Ca^2+^ channel conductance that corresponds to the effects of specific activators and blockers of these channels ([Fig. 16](#F16){ref-type="fig"}). AP frequency and IS decreased in our model with decreased conductance of T-type Ca^2+^ channels from basal level. On other hand \[Ca^2+^\]~c~ and IS increased with an increase of T-type Ca^2+^ channel conductance (left part of [Fig. 16](#F16){ref-type="fig"}). This is consistent with experimental data.

![**Figure 16.** Simulated glucose induced spikes behavior, \[Ca^2+^\]~c~ and IS changes at T-type Ca^2+^ channel activation or blocking. (**A**) AP firing (V~p~); (**B**) \[Ca^2+^\]~c~ (-- -- --) and relative IS (------). For simulation of T-type Ca^2+^ channel activation the maximal conductance (g~mCaT~, [**Eq. A19, Appendix 2 in Supplemental Material**](#SUP){ref-type="supplementary-material"}) was initially increased up to 500 pS. Than g~mCaT~ was decreased from 500 pS to 250 pS (basal level from [**Table S2**](#SUP){ref-type="supplementary-material"}) at arrow 1. For simulation of block of T-type Ca^2+^ channel the g~mCaT~ was decreased from 200 pS to 50 nS at arrow 2. Glucose induced persistent AP firing was simulated as in [Figure 3](#F3){ref-type="fig"}.](isl-5-1-g16){#F16}

The role of low-threshold T-type Ca^2+^ channels in islet physiology has been less well studied than L- and P/Q-types Ca^2+^ channels in part because these channels are not normally expressed in the mouse islet model. Progress in this field has also been hampered by the lack of selective T-type Ca^2+^ channel blockers.[@R69] These factors restrict our possibility to analyze the role of low-threshold T-type Ca^2+^ channels. However, these channels may not be mandatory for AP firing because mouse β-cells have typical spike behavior even though they have only modest activity of T-type Ca^2+^ channels.

We have assigned only low conductivity for T-type Ca^2+^ channels in our model to compare with L- and P/Q- Ca^2+^ channels ([**see Figs. S2 and S3; Table S2**](#SUP){ref-type="supplementary-material"}). This suggestion was made because we found in simulations that increasing the maximal conductivity of T-type Ca^2+^ channels above the levels in [**Table S2**](#SUP){ref-type="supplementary-material"} leads to significant increased Ca^2+^ cytoplasmic concentration in resting glucose conditions at low PM potential and to insignificant increase of \[Ca^2+^\]~c~ with increase of glucose level from low to high that is unrealistic. The data that T-type Ca^2+^ current activation even under nonstimulatory conditions may raise basal \[Ca^2+^\]~c~ in β-cells (NOD) mice[@R65] supports the conclusion that increased activity of T-type Ca^2+^ channels can lead to increased \[Ca^2+^\]~c~ in resting glucose conditions.

To resolve the discrepancy between significant activity of T-type Ca^2+^ channels in human β-cells that was found by Braun et al.[@R10] and small \[Ca^2+^\]~c~ at low glucose levels, we can suggest, for example, that low glucose levels lead to a decreased activity of T-type Ca^2+^ channels decreasing Ca^2+^ influx. This suggests that more research is needed to clearly understand the regulatory role of T-type Ca^2+^ channels in rodent and human β-cells.

Other Currents
==============

Excitable cells (including pancreatic β-cells) have a great many other channels, pump and exchangers then we have analyzed here. For example, the Na^+^-K^+^ pump extrudes three Na^+^ ions from the cell in exchange for two K^+^ ions, generating a net outward, hyperpolarizing current, maintaining resting V~p~. Currents provided by Na^+^-Ca^2+^ exchangers also contribute to V~p~. Both these currents were included in our recent model for Ca^2+^ dynamics in β-cell.[@R70]

Genome wide association studies have pointed to an association of *KCNQ1* with T2 diabetes.[@R6]^,^[@R71] The voltage-gated potassium channel Kv7.1 (encoded by *KCNQ1*) is expressed in human islets. A polymorphism in *KCNQ1* increases type 2 diabetes risk.[@R72]^,^[@R73] Interestingly, block of K~v~7.1 potassium current increased glucose induced IS in isolated rat islets, increasing AP firing and cytoplasmic free calcium.[@R74]

However, it is unclear whether these channels contribute to AP firing in human β-cells and so it was not directly included in our modeling and analysis. However, this model can be extended with reasonable facility by including the equations for new channels, pump and exchangers when additional experimental information will be obtained.

Regulation of Ca^2+^ Entry and Bursting
=======================================

We modeled Ca^2+^ dynamics in these simulations. However, data are not yet available on the Ca^2+^ dynamics in one human β-cell during one spike that can facilitate a strong test of modeling. On the other hand, we have measured and analyzed cytoplasmic Ca^2+^ dynamics during single spikes in mouse β-cells.[@R13]^,^[@R75] On the basis of these investigations we were able to construct a mathematical model of Ca^2+^ dynamics that fits reasonably well with experimental data.[@R13] The main principles of regulation of Ca^2+^ fluxes through voltage-dependent Ca^2+^ channels and pumps appear to be similar for human and mouse β-cells. For this reason, we believe that the model we developed for Ca^2+^ dynamics in mouse β-cells will allow the simulation of fast Ca^2+^ dynamics in human β-cells. For example, we can suggest significant increase in \[Ca^2+^\]~c~ during one complex spike (for example, see right part of [Fig. 5](#F5){ref-type="fig"} and left part of [Fig. 7](#F7){ref-type="fig"}) since this was measured and simulated for mouse β-cells.[@R13]

Frequency, height and width of spikes can determine Ca^2+^ influx through VGCCs. We were able to simulate an increase in \[Ca^2+^\]~c~ and IS even though the spike height was unchanged or decreased whereas spikes were broadened (see right parts of [Figs. 5](#F5){ref-type="fig"}, [7](#F7){ref-type="fig"} and [16](#F16){ref-type="fig"}). Consequently, decreased spike height cannot be assumed to lead to a decrease in \[Ca^2+^\]~c~ or IS. Increased Ca^2+^ influx can also follow from broadening of spikes in mouse β-cells.[@R13] Interestingly, in immortalized gonadotropin-releasing hormone-secreting neurons it was found that spike broadening can increase the integrated Ca^2+^ influx despite a decrease in spike height.[@R76] This raises the question of whether the changes in spike broadening via channel regulation can lead to an appropriate increase in IS. This possibility has not yet been directly studied in human β-cells.

Glucose induced electrical activity in pancreatic mouse β-cells is thought to involve slow depolarizing waves that were called "bursting" in electrophysiological investigations.[@R16]^,^[@R51]^,^[@R77] Bursts have a plateau from which APs rapidly fire with numerous spikes (that can also include complex spikes) during one burst and can last up to several minutes. Bursts are separated by quiescent period at potentials below the AP voltage threshold.[@R16]^,^[@R51]^,^[@R77] Bursting processes have also been occasionally observed in human islets.[@R12] It should be noted, the spikes with several maximums that we refer here as complex spikes are also denoted as "bursts" in some neurophysiological investigations and in the recent computational model of Pedersen.[@R78] To avoid misinterpretation we use the term "burst" only as it was accepted for β-cells electrophysiological investigations.

Bursting in β-cells provides an effective mechanism for rapid changes in extracellular Ca^2+^ influx through VGCCs that leads to cytosolic \[Ca^2+^\]~c~ and IS oscillations.[@R16]^,^[@R25]^,^[@R77]^,^[@R79] Ca^2+^ oscillations have also been reported in human islets,[@R12]^,^[@R22]^,^[@R25]^,^[@R80] and it seems that bursting activity is also characteristic of human islets. The mechanisms that generate and terminate spikes are responsible for the bursts of APs, Ca^2+^ and IS oscillations in mouse. Subsequent generation and termination of the bursts may be determined by small cyclic changes in some voltage-gated and/or voltage independent gating variable currents.[@R13]^,^[@R16]^,^[@R79]^,^[@R81]

There is no conventional model for bursting and \[Ca^2+^\]~c~ oscillatory mechanisms even for mouse β-cells. However, several mechanisms were justified for β-cells (for review, see refs.[@R16] and [@R82]). For example, the ATP/ADP ratio in cytoplasm, calcium concentration in endoplasmic reticulum, Na^+^ concentration in cytoplasm and others can all be these pacemakers for oscillatory mechanisms. Slow changes of these components could gradually lead to a membrane repolarization down to the threshold potential for APs firing, shutting down the spikes and inactivating the VGCCs. Then Ca^2+^ influx decreases sharply, leading to decreased PM potential and a resting phase. Processes occur in opposite directions during a resting (repolarized) phase. However, the real pacemakers for bursting and \[Ca^2+^\]~c~ oscillations in human β-cells were not investigated and further studies supported by improved mathematical models are necessary to define the mechanisms for possible spontaneous oscillatory phenomena in human β-cell physiology.

Mathematical Modeling of AP Firing in Pancreatic β-Cells
========================================================

Chay and Keizer[@R83] described the first Hodgkin-Huxley-type ionic model for mouse β-cells where spike generation was simulated as a result of an interaction between only two voltage-gated channels (Ca^2+^ and delayed-rectifier K^+^) and a leak current. Keizer and Magnus[@R84] improved this model by including K~ATP~ channels, an approach also used in later models of spikes in pancreatic β-cells.

The interaction of the voltage-gated Ca^2+^ and delayed-rectifier K^+^ channels leads to spikes with one maximum.[@R13]^,^[@R51]^,^[@R79]^,^[@R83] However, complex spikes were found in isolated mouse islets from K~v~2.1 knockout mouse and similar spikes were obtained after application of specific K~v~2.1 inhibitors, that blocked of the rapid delayed rectified current (*I*~KDr~).[@R13]^,^[@R40] We were able to simulate the appearance of these complex spikes in our mathematical model of APs in mouse β-cells suggesting that the channels other than K~Dr~ can also play a prominent role in repolarization phase in mouse β-cells.[@R13] These simulations shows that a transition from a spike with a single narrow maximum to a complex spike with several maxima can occur when, following an initial depolarization, the subsequent repolarizing signal is not strong enough to allow fast recovery of the membrane potential to a repolarized resting level. The final transition to the repolarizing level can occur with time after several small maxima when an additional repolarizing current increases.

The first Hodgkin-Huxley-type ionic model for AP firing, Ca^2+^ handling and IS in the human β-cell was recently developed[@R78]^,^[@R85] which included models of voltage-gated Na^+^ and T-type Ca^2+^ channels. Complex spikes were also simulated by Pedersen[@R78] following blockade of the delayed rectifier K^+^ channels. In this case the slowly activating K^+^ HERG current was employed as the repolarizing factor leading to final repolarization.

We used a mathematical modeling approach for a systematic review of function of channels in human β-cells. Several channels were added in the model for human β-cell to compare with our previous model for mouse[@R13]: BK channels, voltage-gated Na^+^ channels, P- and T-type Ca^2+^ channels. To compare with other models for human β-cell[@R78]^,^[@R85] we also added the models of voltage-independent Ca^2+^ activated K^+^ current (*I*~KCa~) and plasma membrane Ca^2+^ pump current. We have performed also more detailed description of K~ATP~, high L-type voltage-gated Ca^2+^ and Na^+^ currents and others changes in parameters and equations (see Supplementary Material). These differences lead to an improved description of human β-cell behavior. For example, the frequency for simple spikes in our model is about 1 spike per second that corresponds well to experimental data (see [Fig. 2](#F2){ref-type="fig"} and refs.[@R9],[@R10],[@R20],[@R21]) instead of about 4 spike per sec,[@R78] that corresponds better to the spike behavior in mouse islets (for example, see refs. [@R13], [@R51] and [@R83]). In our review article we also evaluated the possible role of major channels that regulate AP firing and IS in human β-cells.

Several mathematical models have been developed to simulate bursting and \[Ca^2+^\]~c~ oscillations in mouse β-cells on the basis of alternative mechanisms (for review, see Sec. Nine and refs. [@R16],[@R79],[@R82]). The models developed were used to determine the mechanisms that generate and terminate spikes leading to bursting and Ca^2\ +^ oscillations in β-cells. Models describing spikes in human β-cells (included developed in this article) may be used for constructions of similar models for bursting, Ca^2+^ and IS oscillations in human islets.

Computational System Analysis in Electrophysiology of Human β-cells: Perspectives and Limitations
=================================================================================================

In general, an interpretation of the electrophysiological data and the effects of channel blockers and activators on electrical pacemaking is difficult because a change of any sufficiently large current potentially alters several aspects of the voltage trajectory and thus modifies activation of all other voltage-dependent currents. For this reason, using the mathematical modeling approach opens the way for better understanding of such complex interactions.

An important feature of the computational model of human β-cells is that we included all the major ionic currents fitted to recent experimental data in the context of expression data. We used the Hodgkin-Huxley formalism to describe the behavior of channels. This choice is consistent with our goal, to reconstruct the APs that result from ensemble currents through many individual channels. The key feature of the model is that it can be used to explore the putative mechanisms underlying AP spikes. We were able to show that the model we developed can reproduce a number of experimental observations ranging from voltage-clamp current traces of AP firing to Ca^2+^ dynamics and IS and can be used as the groundwork for in silico examination of the effects of agents that modulate insulin secretion via regulation of ion channels. As other channels are further characterized they can be readily incorporated into this basic model. This also creates opportunities for in silico studies of possible functional influence of different channels on human β--cell functional properties that it is difficult to measure at this time.

However, limitations in a simulation of the specific experiments are unavoidable because of the limited current knowledge of basic electrophysiological data, the considerable variation in experimental conditions, and the potentially deleterious effects procedures used in voltage-clamp experiments. Therefore it would be unreasonable to expect the model to accurately reproduce all previously observed experimental results.

Other limitations are tied to the mechanisms of insulin release. Insulin is secreted by exocytosis of large dense-core vesicles. Regulation of insulin--containing granule secretion in β-cells is sufficiently complex such that is not only a function of cytoplasmic Ca^2+^ concentration or calcium influx through different VGCCs located in the plasma membrane that we have included in the model. For example, cAMP pathway components, muscarinic pathways and other processes regulate exocytosis in β-cells.[@R6]^,^[@R17] However, a consideration and modeling of the effect of these mechanisms on the rate of exocytosis of insulin--containing granules in human is outside the scope of this work.
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AP

:   action potential

BK

:   large-conductance Ca^2+^-activated K^+^-channels

C~m~

:   membrane capacitance

\[Ca^2+^\]~c~

:   free cytoplasmic Ca^2+^

HERG

:   human ERG K^+^ channels

IbTX

:   iberiotoxin

IS

:   insulin secretion

K~ATP~-channel

:   ATP-sensitive K^+^-channel

K~Ca~

:   calcium activated K^+^ channels, K~Dr~, rapid delayed rectified voltage-gated K^+^ channels

K~v~

:   voltage-gated K^+^ channels

SK

:   small conductance calcium activated K^+^ channels

NALCN

:   nonselective Na^+^ leak channels

PM

:   plasma membrane

TTX

:   tetrodotoxin

V~p~

:   membrane potential

VGCC

:   voltage-gated Ca^2+^ channel
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